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MoEDAL is designed to identify new physics in the form of long-lived highly-ionising particles
produced in high-energy LHC collisions. Its arrays of plastic nuclear-track detectors and aluminium
trapping volumes provide two independent passive detection techniques. We present here the results
of a first search for magnetic monopole production in 13 TeV proton-proton collisions using the
trapping technique, extending a previous publication with 8 TeV data during LHC run-1. A total of
222 kg of MoEDAL trapping detector samples was exposed in the forward region and analysed by
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2searching for induced persistent currents after passage through a superconducting magnetometer.
Magnetic charges exceeding half the Dirac charge are excluded in all samples and limits are placed
for the first time on the production of magnetic monopoles in 13 TeV pp collisions. The search
probes mass ranges previously inaccessible to collider experiments for up to five times the Dirac
charge.
PACS numbers: 14.80.Hv, 13.85.Rm, 29.20.db, 29.40.Cs
The existence of a magnetically charged par-
ticle would add symmetry to Maxwell’s equa-
tions and explain why electric charge is quan-
tised in nature, as shown by Dirac in 1931 [1].
In addition to providing a consistent quantum
theory of magnetic charge and elucidating elec-
tric charge quantisation, Dirac predicts the fun-
damental magnetic charge number (or Dirac
charge) to be gD =
1
2αem
' 68.5 where αem
is the fine-structure constant. Consequently,
in SI units, magnetic charge can be written
in terms of the dimensionless quantity gD as
qm = ngDec where n is an integer number,
e is the proton charge, and c is the speed of
light in vacuum. Because gD is large, a fast
monopole is expected to induce ionisation in
matter thousands of times higher than a par-
ticle carrying the elementary electric charge.
Additionally, the existence of the monopole as
a topological soliton is a prediction of theo-
ries of the unification of forces [2–5] where the
monopole mass is determined by the mass scale
of the symmetry breaking that allows nontriv-
ial topology. For a unification scale of 1016 GeV
such monopoles would have a mass in the range
1017− 1018 GeV. In unification theories involv-
ing a number of symmetry-breaking scales [6–
8] monopoles of much lower mass can arise, al-
though still beyond the reach of the LHC. How-
ever, an electroweak monopole has been pro-
posed [9–12] that is a hybrid of the Dirac and
’t Hooft-Polyakov monopoles [2, 3] with a mass
that is potentially accessible at the LHC.
Monopole relics from the early Universe have
been extensively searched for in cosmic rays
and in materials [13, 14]. In the laboratory,
monopole-antimonopole pairs are expected to
be produced in particle collisions, provided the
collision energy exceeds twice the monopole
mass M . Each time an accelerator accessed a
new energy scale, dedicated searches were made
in new monopole mass regions [15]. The Large
Hadron Collider (LHC) is no exception to this
strategy as a comprehensive monopole search
programme using various techniques has been
devised to probe TeV-scale monopole masses
for the first time [16, 17]. The results obtained
by MoEDAL using 8 TeV pp collisions allowed
the existing LHC constraints on monopole pair
production [18] to be improved to provide lim-
its on monopoles with |g| ≤ 3gD and M ≤
3500 GeV [19].
In 2015, an increase in the LHC pp col-
lision energy from 8 TeV to 13 TeV was
achieved, opening a significant discovery op-
portunity window. This paper presents the
first monopole search results in this new energy
regime, using the forward monopole trapping
detector of the MoEDAL experiment exposed
to 0.371 ± 0.004 fb−1 of 13 TeV pp collisions
in 2015. The trapping volume used here is an
upgrade of the prototype which was exposed in
2012 [19]. It consists of 672 square aluminium
rods with dimension 19×2.5×2.5 cm3 for a to-
tal mass of 222 kg in 14 stacked boxes which
were placed 1.62 m from the IP8 LHC inter-
action point under the beam pipe on the side
opposite to the LHCb detector.
A crucial underlying assumption for the ef-
fectiveness of the trapping technique using alu-
minium elements is that there is a strong bind-
ing of a magnetic monopole to the 2713Al nu-
cleus. Binding is expected between a magnetic
monopole carrying the Dirac charge or higher
and nuclei with non-zero magnetic moments.
Existing models, summarised in Ref. [20], esti-
mate that binding should occur for 2713Al (100%
natural abundance). With its large mag-
netic moment, 2713Al has a predicted monopole-
nucleus binding energy in the range 0.5 −
2.5 MeV [20–24], comparatively higher than
the predictions obtained with other materials
(0.05 − 1 MeV for protons, and 0.006 MeV
for 11348 Cd). We also note that aluminium
does not present a problem with respect to in-
duced radioactivity, while its non-magnetic na-
ture favours the stability of the SQUID magne-
tometer measurements.
The samples were individually scanned with
DC SQUID long-core magnetometer (2G En-
terprises Model 755) newly installed at the
Laboratory for Natural Magnetism at ETH
Zurich. Conveniently, the new instrument fea-
tures a conveyor tray for transporting samples
through the sensing coils. The current induced
in the superconducting coil perpendicular to
3the shaft is directly proportional to the mag-
netic flux difference in the direction of trans-
port. A magnetic monopole contained in a sam-
ple would induce a current proportional to the
pole strength. In this search, the magnetome-
ter output is multiplied by a calibration factor
to translate it into the magnetic charge con-
tained in the sample in units of Dirac charge gD.
The calibration is performed using two inde-
pendent methods, as described in Ref. [25]: the
solenoid method and the convolution method.
For the solenoid method, small currents are
flown through a physical 25 cm long solenoid
of pole strength 32.4 gD/µA with only one end
introduced through the sensing coil. For the
convolution method, a sample of known mag-
netic dipole moment is measured at many dif-
ferent positions along the magnetometer and
the superposition principle is used to infer the
response from a single pole. The two methods
give a calibration constant that is consistent to
within 10%. The linearity of the magnetometer
response is directly demonstrated for magnetic
poles in the range 0.3− 106gD.
The monopole signature is quantified in
terms of a quantity called persistent current,
defined as the difference between the induced
currents measured after and before passage of
the sample, to which the contribution of the
conveyor tray is subtracted. The currents in-
duced by the north and south poles of any
dipole present in the sample cancel out. The
persistent current is directly proportional to the
magnetic charge contained in the sample and is
measured in units of gD after applying the cali-
bration constant. Persistent currents measured
during the first passage of the 672 forward trap-
ping detector samples through the SQUID mag-
netometer are shown in the top panel of Fig. 1.
The 20 samples which yielded an absolute value
corresponding to a magnetic charge larger than
0.25gD were set aside and remeasured at least
3 more times.
The bottom panel of Fig. 1 shows the re-
sults of the multiple measurements for these
candidates. Most of these candidates are found
to have a magnetisation higher than average.
The magnetic dipole moments of the aluminium
samples are due to impurities and correspond
usually to around 5 · 10−9 Am2 (correspond-
ing to a response of ∼ 20gD after calibration
when the sample is in the sensing region). Sam-
ples with higher magnetisation are known to
cause magnetometer instabilities [19, 25, 26].
Samples with a total dipole moment exceed-
ing 1.5 ·10−7 Am2 (corresponding to a response
> 600gD when the sample is in the sensing re-
gion) generate a flux variation corresponding
to several quantum steps inside the SQUID, in
which case the response may not quite come
back to the same level during the flux change
in the other direction as the sample passes
through the sensing coil, causing a slight off-
set. This is the case for samples 2 and 14
for which fake signals are observed around the
value ±1.6gD, as can be seen in Fig. 1 (bottom).
Similar effects are found in measurements with
non-exposed samples of similar or greater mag-
netisation (see also Refs. [25, 26]). However, in
these samples, the polarity of the persistent cur-
rent depends on the sample orientation (which
end of the bar is introduced first), and a fraction
of the measurements still yield zero persistent
current. Neither of these two features would
be present in the case of a genuine magnetic
monopole. Samples of weaker magnetic dipole
moments consistently yield persistent currents
smaller than 0.25gD in absolute value. The
monopole hypothesis is thus excluded for all 20
candidates.
There are two instances in which a genuine
monopole in a sample which is measured only
once could possibly yield a persistent current
lower than 0.25gD such as to avoid being se-
lected as a candidate and escape detection.
The first possibility is that there exists another
monopole of opposite charge in the same sam-
ple. Due to the large number of samples (672
in total), this possibility is ruled out by the fol-
lowing argument: in the case of a very small
monopole production cross section, the prob-
ability that both the monopole and the anti-
monopole (which are almost never produced
in the same direction) would end up in the
same sample is negligible; and in the case of a
large production cross section, the probability
that the positive charges would cancel the neg-
ative charges in all samples in which monopoles
would be trapped is again negligible. The sec-
ond possibility is that of a mismeasurement
leading by chance to a cancellation of the per-
sistent current induced by the monopole in such
a way that the measured value would be in the
interval [−0.25gD, 0.25gD]. This is studied us-
ing the distribution of persistent currents ob-
tained in samples without monopoles, assuming
that the magnetic field of the monopole itself
(small compared to those of magnetic dipoles
contained in the sample and tray) does not
affect the mismeasurement probability. This
probability is estimated to be less than 0.5%
for monopoles with absolute charge 0.5gD or
4FIG. 1. Top: persistent current (in units of gD after application of a calibration constant) after first passage
through the magnetometer for all samples. Bottom: results of repeated measurements of candidate samples
with absolute measured values in excess of 0.25gD.
higher. Thus, the presence of a monopole with
absolute magnetic charge exceeding 0.5gD is ex-
cluded at more than 99.5% confidence level in
all samples.
The trapping detector acceptance is defined
as the probability that a monopole of given
mass, charge, energy and direction would end
its trajectory inside the trapping volume. It
is determined from the knowledge of the ma-
terial traversed by the monopole [19] and the
ionisation energy loss of monopoles when they
go through matter [27–30] implemented in a
simulation based on Geant4 [31]. Simulations
with uniform monopole energy distributions al-
low identification, for various charge and mass
combinations, of ranges of kinetic energy and
polar angle for which the acceptance is rela-
tively uniform, called fiducial regions. The fidu-
cial regions given in Ref. [19] can conservatively
be used to provide an interpretation which does
not depend on the monopole production model.
As a realistic model of monopole pair pro-
duction, a Drell-Yan (DY) mechanism is em-
ployed for its simplicity and for ease of compar-
ison with previous LHC results [18, 19, 32]. It
should be noted, though, that the DY model
does not constitute a reliable tool for calculat-
ing the monopole production cross section as
a consequence of the fact that it is perturba-
tive, and thus not strictly applicable to the non-
perturbative regime of strong magnetic charges.
Two scenarios for monopole spin are adopted,
namely spin-0 and spin-1/2. Monopole trap-
ping acceptances in the range 0.1% to 4% are
are obtained from full Geant4 simulations of
DY events in 13 TeV pp collisions generated
with MadGraph5 [33] in the intervals 1− 6gD
and 200 ≤M ≤ 6000 GeV, with 100000 events
for each mass-charge combination.
Acceptance loss comes from a combination of
monopoles punching through the trapping vol-
ume (mostly for |g| = gD) and monopoles rang-
ing out before reaching the trapping volume (for
the higher charges). The latter effect decreases
the acceptance for DY monopoles with increas-
ing charge and reaches below 0.1% for a charge
of 6gD, in which case the DY interpretation
ceases to be meaningful because the systematic
uncertainties exceed 100%. The behaviour of
the acceptance as a function of mass has two
contributions: the mass dependence of the DY
kinematic distributions (more central and less
5FIG. 2. Cross-section upper limits at 95% confidence level for DY monopole production in 13 TeV pp
collisions as a function of mass for spin-1/2 (left) and spin-0 (right) monopoles. The colours correspond
to different monopole charges. Acceptance loss is dominated by monopoles punching through the trapping
volume for |g| = gD while it is dominated by stopping in upstream material for higher charges, explaining
the shape difference. The solid lines are DY cross-section calculations at leading order.
energetic monopoles at high mass), and the ve-
locity dependence of the energy loss (lower at
lower velocity for monopoles). For monopoles
with |g| = gD, acceptance losses predominantly
come from punching through the trapping vol-
ume, and therefore the acceptance is highest
at very high masses (low initial kinetic en-
ergy from DY kinematics) and at low masses
(high energy loss), with a minimum around
3000 GeV. The reverse is true for monopoles
with |g| > gD which predominantly stop in the
upstream material and for which the acceptance
is highest for intermediate masses. The spin
dependence is solely due to the different event
kinematics (more central and more energetic
monopoles for spin-0). Uncertainties in the ac-
ceptance include event statistics as well as the
effects of uncertainties in energy loss calcula-
tions, detector position, and material budget.
The latter represents the main contribution to
the acceptance uncertainty and is estimated us-
ing full simulations of monopole propagation
through the setup with two additional geome-
tries covering conservative uncertainties on the
material placed upstream of the trapping de-
tector, as described in Ref. [19].
Cross-section limits for spin-1/2 and spin-
0 monopole production are shown in Fig. 2.
They are extracted from the following inputs:
the acceptance estimates and their uncertain-
ties, assuming DY kinematics; the luminosity of
0.371±0.004 fb−1 obtained during the 2015 ex-
posure to 13 TeV pp collisions; the expectation
of strong binding to aluminium nuclei [24] of
monopoles with velocity β = vc ≤ 10−3, where
mass limits [GeV] 1gD 2gD 3gD 4gD
MoEDAL 13 TeV
(this result)
DY spin-1/2 890 1250 1260 1100
DY spin-0 460 760 800 650
MoEDAL 8 TeV
DY spin-1/2 700 920 840 –
DY spin-0 420 600 560 –
ATLAS 8 TeV
DY spin-1/2 1340 – – –
DY spin-0 1050 – – –
TABLE I. Monopole lower mass limits (95% con-
fidence level) in models of spin-1/2 and spin-
0 DY pair production in LHC pp collisions for
monopole charges |g| up to 4gD. These limits
are based upon cross sections computed at lead-
ing order. These cross sections are only indicative
since the monopole coupling to the photon is too
large to allow for perturbative calculations. Pre-
vious results obtained in 8 TeV collisions are from
Ref. [19] (MoEDAL prototype trapping detector)
and Ref. [18] (ATLAS).
v is the velocity of the monopole; and the non-
observation of magnetic charge inside the trap-
ping detector samples.
The DY cross sections computed at leading
order are shown as solid lines in Fig. 2, with
the caveat, as already mentioned, that the cou-
pling of the monopole to the photon is so large
that perturbative calculations are not expected
to be reliable. Spin-1/2 monopole pairs have
two possible states while spin-0 pairs have only
one, explaining a factor 2 in the cross section.
Furthermore, the photon has spin-1, thus forc-
6ing spin-0 monopoles to carry angular momen-
tum in the final state, reducing the cross sec-
tion and leading to different kinematics. Using
these cross sections and the limits set by the
search, indicative mass limits are extracted and
reported in Table I for magnetic charges up to
4gD. For 5gD (pink stars in Fig. 2), the trap-
ping acceptance for masses below 1000 GeV is
not good enough to set a mass limit.
In summary, the aluminium elements of the
MoEDAL trapping detector exposed to 13 TeV
LHC collisions in 2015 were scanned using a
SQUID-based magnetometer for the presence of
trapped magnetic charge, and none were found.
Consequently, monopole-pair direct production
cross-section limits in the range 200− 10000 fb
were set for magnetic charges up to 5gD and
masses up to 6 TeV. In a DY model with spin-
1/2 monopoles, this translates into monopole
mass limits exceeding 1 TeV – the strongest
to date at a collider experiment [34] – for
charges ranging from two to four times the
Dirac charge.
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